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as totally lost in fog or thick weather, l He states, furthermore, 
that the loss was far greater oll the American seaboard where 
fogs are more frequent. 

It is not surprising, therefore, that the attention of various 
governments should have been directed to the study of improve- 
ment in the means of transmitting acoustic signals over long dis- 
tances. Any attempt on my part to give even a partial account of 
the numerous tests which have been carried out on the subject ot 
fog-signals would occupy the space of several complete lectures. 
I shall, therefore, be obliged to state very briefly the main results 
which have been arrived at by various investigators in order to 
present the outstanding difficulties in transmitting acoustic signals 
with the economy and certainty desirable in these important aids 
to navigation--difficulties which have by 11o means, as yet, been 
entirely overcome. 

In the year I873 the Trinity House of Great Britain set on 
foot trials with sound signals, following on a visit of a Com- 
mittee of Elder Brethren to the United States the preceding year. 
A special committee was appointed to carry out these tests with 
the advice and assistance of Professor  Tyndall, then scientific 
adviser to the corporation. An elaborate series of experiments 
was carried out at South Foreland, near Dover, the results of 
which formed the subject of a lengthy report. Tyndall 's contribu- 
tions were presented to the Royal Society of London, and his 
memoir on the subject was published in the Transactions for 
the year 1874 .2 The subject is dealt with at length in Tyndall 's 
well-known work on " Sound," which has proved an invaluable 
guide and inspiration to so many workers on the subject of 
acoustics. In these tests the audibility of the signals was esti- 
mated entirely by ear. This is, of co.urse, the most simple and 
practical method of carrying out the test, inasmuch as the ex- 
periment is carried out under the same conditions as when the 

Tyndall, Sound," 3rd edition, Chapter  vi i  According to statistics com- 
piled for  the seaboard of Newfoundland by Mr. R. White,  Inspector of Light- 
houses, it appears that  between the years 182o and i9o 3 no less than 558 
wrecks occurred in these waters, a large proportion, it is to be presumed, owing 
to fog. The  positions in which ships have been lost to the year 19o9 are shown 
on a " wreck chart  " prepared by Mr. Whi te  and published by Messrs. Garland 
and Co., St. Johns, Newfoundland.  

'~ Tyndall, " On the Atmosphere as a Vehicle of Sound," Ph i l .  T r a u s . ,  vol. 
164, 1874, pp. I83-244. 
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signals are heard by the navigator himself. As a method of com- 
paring the relative merits of different types of fog-signal installa- 
tions, this procedure leaves little to be desired, and information de- 
rived in this simple manner has been invaluable in the progress of 
fog-signal engineering. The results of this investigation are ad- 
mirably summed up in a later Trinity House Report for I9oI, to 
which I shall refer later, as follows : 

" ( I )  The passage of sound through the atmosphere is not 
impeded by fog, or by falling snow, hail or rain; 

(2) The most powerful sound-producing instrument then 
known was the siren as used in the United States: 

(3) No sound signal should be relied on fo.r being heard at a 
greater distance than two or three miles; 

(4) Sound shadows may be formed by the intervention of 
points, of land or the interference of the reflected sounds with 
the direct waves, whereby a signal may be rendered nmch less 
effective or quite inaudible in the area of such a sound shadow ; 

(5) An opposing wind seriously obstructs or diverts the pas- 
sage of sound waves, while to leeward the sound travels to great 
distances without any serious interference; 

(6) Ill an optically clear atmosphere the air may be rendered 
flocculent to sound by the existence of invisible acoustic clouds 
formed by air currents differently heated or differently saturated 
with vapor." 

Meanwhile many observations and trials of the greatest im- 
portance relating to fog-signals were being made in the United 
States by the light-house engineers of that country. The experi- 
rnents and reports o.f General Duane as well as those of Pro- 
fessor Joseph Henry were described and published in the Report 
of the Light-House Board for I874) For the most part, the 
experiences of the British and American experimenters was in 
general agreement, although the interpretation of many of the re- 
markable and unexpected phenomena observed formed for some 
time the subject of controversy between Henry and Tvndall. 
One of the most interesting features of this report is that, for the 
first time in the history of the subject, as far as I have been able 
to gather, an attempt was made by Professor Henry to employ 
a physical method of measzlrin,q sound intensity, as that distin- 

Reproduced in the " Scientific Writings of Joseph Henry," Smithsonian 
Institution, T886, vol. i. pp. 37o-5m. 
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guished scientist evidently realized how unsatisfactory the ear 
was for the purpose. As early as 1867 he compared the action of 
a steam-siren, at Sandy Hook, with that of a Daboll trumpet, em- 
ploying for the purpose a stretched membrane covered with sand 
placed at the small end of a conical tube which concentrated the 
sound-wave upon the membrane. 

The results of fog-signal tests carried out in the United 
States to the year 1894 are published at length in Major  Liver- 
more's Report to the Light-House Board for that date. 4 I 
shall have time to mention only two points of this report which 
have a bearing on the main theme of my lecture this evening. In 
these tests, somewhat more elaborate means of measuring sound 
intensity than had hitherto been employed were devised by the 
scientific observers, Dr. White and Professor Hazen. In meas- 
uring the intensity of a signal, a standard scale of numbers was 
adopted in which zero denoted the absolute inaudibility of a 
signal and IOO its full power at a distance of IOOO yards with no 
intervening objects and under favorable conditions. The number 
IO was chosen to denote the least sound of a signal which would 
be unmistakable supposing the observer to be unaware of the 
moment when it is to be expected. In order to standardize these 
estimates a sound-box was constructed of black walnut, 4 × 3 x 2 
inches, provided with a sliding cover and completely enclosed 
with thick felt. The sound was produced by means of a Jew's- 
harp fastened above a resonance cavity and sounded by an ex- 
ternal lever. The sound proved to be so similar to that of a fog- 
alarm bell as to make the two difficult to distinguish when the 
intensity of the standard was adjusted to equality with that of the 
signal by sliding the cover or by removing the box to a suitable 
distance from the observer. It is evident that in this way a 
definite, though arbitrary, scale of intensity could be adopted and, 
if necessary, converted into an absolute scale by a laboratory meas- 
urement of intensity and quality. Although this was suggested at 
the time of the tests referred to, I have been unable to discover 
any record to indicate that this plan was ultimately carried out. 

Another feature of Major  Livermore's report to which I 
should like to refer here is the method there adopted of represent- 
ing graphically the variation of sound intensity on the course of 

+ Livermore, "Report  Upon Fog Signal Experiments," Appendix No. v to 
the Report of the Light-House Board, Washington, I894. 
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the observing ship in the neighborhood of the fog-signal. The 
intensity of the signal according to the scale just described is 
indicated by the breadth of the line representing the track of the 
ship on a chart of the locality. In this way the capricious fluctua- 
tions of the strength of the signals under various conditions of 
wind and weather are indicated at a glance. In s.omewhat modi- 
fied form I have adopted this method of representing the results 
of my own observations. (See Charts I, II and III .)  

In the year I9Oi an important series of tests was carried out 
by a special committee of the Trinity House under the scientific 
direction of Lord Rayleigh and Sir Thomas Matthews, Engineer 
in Chief. 5 The object of the trials was to discover the relative 
merits of various new types of fog-signal machinery. The ex- 
periments were carried out at St. Catherine's Point, Isle of Wight. 
Several members of the Committee always participated in esti- 
mating the strength of the signals by ear. Numbers on a scale 
ranging from I to ~o were assigned by the observers to represent 
the values of the sound heard. These were entered on special 
cards provided for the purpose and in comparing the relative 
merits of fog-s~ignal apparatus the figures were averaged so that 
it was possible to say that siren A was 5 ° or IOO per cent. better 
than B. I am unable in the time at my disposal to give more than 
a passing reference to the most important results of these tests, 
which have, to a large extent, determined existing practice in 
Great Britain and Canada since that time. It was decided that in 
operating compressed air sirens little advantage in range of audi- 
bility accrued from raising the pressure above 25 pounds per 
square inch. For  calm weather a low-pitched note (about 18o 
complete vibrations per second) was considered most suitable; 
when the wind was opposed to the course of the sound-waves or 
when the sea was rough and noisy, it was found that a high- 
pitched note penetrated further than a low-pitched one. The 
physical significance of these observations was discussed in a paper 
by Lord Rayleigh, published in the Philosophical Magazine for 
19o3 .6 It may occasion some surprise when I state that while a 
blast is being sounded from a siren which can be heard about 

" Report of Trinity House Fog Signal Committee on Experiments Con- 
ducted at St. Catherine's Point, Isle of Wight, 19o1." (Darling and Sons. 
Ltd., London.) 

"Rayleigh, " On the Production and Distribution of Sound," Phil. Mag.. 
vol. vi, I903, pp. 289-3o5 ; " Scientific Papers," vol. v, pp. I26-I4L 
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eight miles on a good day, energy is being expended at the rate of 
about Ioo ho,rse-power. While the high note o.f a Scottish signal 
tested at St. Catherine's was being sounded, the expenditure of as 
much as 60o horse-power was required. Lord Rayleigh raised 
the question as to whether these enormous powers are really util- 
ized for the production of sound, or whether from some cause, 
possibly avoidable, a large proportion may not be wasted. By 
means of a simple mathematical calculation relating to the 7-inch 
disk siren tested at St. Catherine's, Lord Rayleigh concluded that 
the maximum pressure-change (estimated at ~/~ 8o atmosphere) 
in the sound-wave produced was but an insignificant fraction of 
the operating pressure (_05 pounds per square inch) and inferred 
that the conical trumpet acting as a resonating tube played an 
important part in utilizing the pressure of the compressed air. 
He also believed that a large proportion of the power applied to 
existing forms of sirens was not converted into. sound, and that 
there was room for improvement in their construction with a 
view to reducing the very large demands made. 

The experience, of the French fog-signal engineers is summed 
up in a work published in I9o8 on lighthouses and marine signals 
by Dr. C. Ribi~.re, the Engineer-in-Chief, who has himself made 
many notable contributions to the subject. 7 As one would expect 
of the French scientific attitude of mind, serious and long-con- 
tinued attempts were made to adapt some of the several known 
laboratory methods of measuring sound intensity in the hopes of 
elucidating some of the difficulties which I have just mentioned. 
Ribi~re states that attempts were made to record the motion of 
membranes vibrating under the influence of the signals; to meas- 
ure the electric current generated by the vibrations of a telephone 
diaphragm; to record the signals on a phonograph-record, and to 
measure under a microscope the depth of the impression produced. 
Optical methods depending on the use of the interferometer to 
measure the change of refractive index in the atmosphere due to 
the passage of the sound-waves were also tried, as well as several 
other methods described in treatises and scientific journals, it  
w a s  co.ncl"uded that, while sound-intensity was capable of measure- 
ment under laboratory conditions, no means then existing could be 
employed successfully in engineering practicel For  the most part 

Ribi~re, C., " Phares et Signaux Maritimes " (Encyclop~die Scientifique, 
Octave Doin et Fils, Paris, 19o8). 
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the results of the French experiments agree with those of the 
British and American engineers except in a few points of technical 
detail which I shall not touch upon here, except by mentioning that 
a great deal of insistence is placed upon the desirability of obtain- 
ing further knowledge on the subject of the acoustic ef~ciency of 
fog-signal machinery. For  the first time in the history of the 
subject, as far as I am aware, Ribi~re definitely suggests that 
sound-waves generated by a siren probably bear a close relation- 
ship to explosive waves whose mode of propagation has long been 
known to be very different from that represented by the classical 
theory of ordinary acoustics. Exp.los~ive waves have been studied 
experimentally in great detail by the ordinance department of the 
French artillery service. It is not surprising, therefore, that the 
part played by these abnormal phenomena in relation to fog- 
signal waves should have suggested itself to the French engineers. 
With this special aspect of the subject I shall deal in connection 
with my own observations. 

SECTION 2. ON THE PRODUCTION OF SOUND BY THE NORTHEY DIAPHONE. 

I f I have taken up a considerable amount of time in presenting 
in a very summary fashion the experiments of previous investi- 
gators, it must not be inferred that I was familiar with the works 
of the authorities I have quoted at the time I planned the tests 
which I have the honor of describing this evening. If I had been 
in possession of more knowledge of the subject than the theoreti- 
cal discussions I had read in Rayleigh's " Scientific Papers," which 
furnished the inspiration to undertake the work, it is hardly prob- 
able that I should have ventured into so complex and difficult a 
field of research. My experience in this connection certainly gives 
some support to the paradox occasionally heard in research labora- 
tories, that a certain amount of healthy igno.rance is the best in- 
centive for undertaking some new line of work. At any rate, it 
so happened that I had just read Lord Rayleigh's papers on the 
subject of fog-signals when an opportunity offered itself in the 
summer of 1912 of accompanying the Director of the McGill 
Physics Building, Professor Howard T. Barnes, on a cruise to 
the Straits of Belle Isle, with the object of making a special scien- 
tific study of icebergs, which in the North Atlantic constitute a 
serious menace to the safety of navigation. Accommodation was 

VoL. 183, No. lO95--2o. 
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provided by the Canadian Government oll the lighthouse tender 
" Montcalm" during one of her routine cruises to the Gulf of 
St. Lawrence. I had in this way very exceptional opportunities 
of studying the Canadian lighthouse and fog-signal system. 

The type of fog-alarm which has found favor in Canadian 
waters and has been installed in many localities is a modified form 
of compressed air siren, of extremely elegant mechanical construc- 
tion, an invention of Mr. J. P. Northey, of Toronto, 8 called by 
him a " diaphone." The essential feature of this apparatus con- 
sists of a hollow piston in which are cut a number of equidistant 
circular slits or ports whose planes are perpendicular to the axis. 
This piston fits closely in a cylinder in which are cut corresponding 
slits. These are alternately opened and closed by the vibratory 
movement of the piston. These oscillations are produced by 
means of a special driving head fitted with a valve-system some- 
what resembling that of a compressed-air riveter. Air at a 
pressure of about 2 5 pounds per square inch is supplied from 
compressors and storage tanks to a chamber surrounding the ex- 
terior stationary cylinder. As the hollow piston vibrates, the in- 
termittent puffs of air generated give rise to intense sound-waves 
which are propagated to the external atmosphere through a con- 
tinuation of the outer cylinder in the form of a short conical 
trumpet tuned to resonance with the pitch of the signal note, about 
18o complete vibrations per second. A most important character- 
istic of the diaphone is the fact that a very considerable variation 
of operating pressure has very little effect on the pitch of the 
signal note. This apparatus gives rise to an extremely powerful 
and well-sustained note whose quality as heard in the distance was, 
as far as I could judge, that of a very nearly pure tone. At the 
end of a blast, the slowing down of the piston gives rise to a 
short and powerful terminal note of diminishing pitch. This 
" grunt " (as it is designated at sea) is characteristic of the dia- 
phone signal and is of great practical importance in navigation, 
not only in differentiating the note from that of ship-siren, but in 

8 For  detailed descriptions of this apparatus, see Northey, J, P., United 
States Patents, No. 736,428, Aug. 18, 19o3; No. 879,I9O, Feb. 18, 19o8; No. 
973,960, Oct. 25, 191o; No. I,OI6,I87, Jan. 3o, 1912. The word diaphone is 
compounded of the two Greek word~ &a = through and ¢~ov~) = voice or sound. 
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enabling the direction of the signal to be estimated with fair ac- 
curacy. This peculiarity was entirely unexpected in the develop- 
xnent of the diaphone and is emphasized in modern installations. 
The purity of the diaphone note, together with the fact that the 
auxiliary machinery was of such a character as to lend itself 

FIG. I. 

Small model of Northey diaphone sectioned to show details of construction. 

extremely well to the control and measurement of air pressure, 
flow and temperature, made it evident to me that here, par excel- 
lence, was the type of sound generator suited to a physical study 
of the mode of propagation of powerful fog-signal waves and of 
energy losses in the machine itself and in the atmosphere. 
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SECTION 3. ON THE NUMERICAL CHARACTERISTICS OF AERIAL SOUND- 
WAVES IN RELATION TO THE AUDIBILITY OF FOG SIGNALS. 

At this point it is necessary for me to interrupt my narrative 
and present the main lines of ,theoretical reasoning which led me 
to plan the researches which I am about to describe. It is a matter 
of common knowledge that periodical pressure disturbances in 
the atmosphere may be set up by the vibrations of a bell struck 
by a hammer, by the rapid oscillations of a stretched string, or by 
the intermittent escape of puffs of :air as in a siren. This pressure 
disturbance travels outwards in the form of a sound-wave with a 
velocity of about IlOO feet per second. Let us imagine a super- 
human experimenter engaged in studying the effect of sound- 
waves on a supernaturally sensitive aneroid barometer. He 
would observe the indicating hand of h.is instrument fluctuate 
rhythmically, showing the existence of minute pressure-changes in 
the atmo.sphere. If  he could follow in detail the motion of the 
hand of his instrument he would be analyzing the sound-wave. 
A perfectly regular backward and forward motion would corre- 
spond to a p~re tone; an irregular movement, without rhythm, 
corresponds to a noise. Between the two he might observe an 
infinite variety of periodic types of motion corresponding to what 
are called complex tones. Associated wkh the preasure fluctua- 
tion in a sound-wave is a minute backward and forward motion 
of each particle of a i r - - re fer red  to as the displacement. While 
all these points are fully dealt with in all text-books on physics, it 
is somewhat curious that very few answer the ques,tion which an 
engineer would naturally ask, and which is of fundamental im- 
portance in fog-signal work- -wha t  is the magnitude of these 
pressure-fluctuations and displacements in a sound of given pitch 
which is of sufficient intensity, let us say, to be just audible to the 
normal ear? This question was first answered as long ago as 
187o by Boltzmann and T6pler, 9 and was independently dealt 
with by Lord Rayleigh in papers published in I877 and I894.1° 

T6pler  and Boltzmann, " Uber  eine neue optische Methode die Schwing- 
ungen tonender  Lufts/iulen zu analysiren." Ann. Phys. Chem., I87O, pp. 321- 
352~. 

lo Rayleigh, " On the Ampli tude of Sound Waves,"  Proc. Roy. Soc., xxvi, 
I877, pp. ~48-249. " Scientific Papers," vol. i, p. 328. See also a paper " On 
the Ampli tude of Aerial  Waves  which are but just  Audible," Phil. Mag., 28, 
x894, pp. 365-370. "Scientific Papers," vol. iv, pp. I25-I29. These experi- 
ments are briefly described in Rayleigh's " T h e o r y  of Sound," vol. ii, I896, 
pp. 434-440. 
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I have set out in the accompanying table a few of the early 
estimates of the numerical characteristics of just audible sound- 
waves, quoted from the papers just referred to. 

NUMERICAL CHARACTERISTICS OF JUST AUDIBLE SOUNDS. 

(Wave- length  of yellow light about 6 × io-6 cm.) 

Pitch Pressure Displacement 
amplitude in amplitude in Authority and Remarks. 
atmospheres, centimetres. 

I8I 9.2 X I0 -s .19 X I0 6 T6pler  and Bol tzmann 
(I87O). Measurement  of 
density fluctuations in organ 
pipe measured by Jamin  re- 
fractometer.  

256 6.0 X IO 8- o.i27 × 1o-6 Rayleigh (I894).  Rate 
of decay of tuning fork 
fitted with resonator.  

The extreme minuteness of the physical effect necessary to 
influence the ear will no doubt be a surprise to many. The authori- 
ties I have just quoted have also drawn attention to a most extra- 
ordinary result, not very generally known, and of the highest 
degree of interest. 

Lord Rayleigh estimates that the stream of energy (i.e., the 
amount of energy in the sound-waves crossing a urdt area per 
second) from an ordinary candle affecting the eye at a distance 
of 3ooo metres (i.e., about 2 miles) is about equal to the stream 
of energy just audible to the ear. It appears from this that the 
amounts of energy required to just affect the eye and ear are 
roughly equal and extraordinarily small. The point should be 
carefully noted by inventors who propose to substitute auxiliary 
apparatus to aid the naked ear in detecting fog-signals at sea. 
The intensity of sound is conveniemly measured by the flow of 
energy in the sound,waves crossing unit area in unit time and, 
in the case of pure tones, is proportional to the square of the dis- 
placement- or pressure-amplitude. We are told in text-books of 
physics that the imensi,ty of sound from a source of disturbance 
falls off according to the inverse square law, as is the case with 
radiant energy. In the open air, under conditions met with at 
sea, the law is not even a rough approximation, as may be seen 
from an inspection of Charts I, II and III. However, at the time 
I first became interested in the Northev diaphone, in the summer 
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Of 1912 , I made a very simple calculation, which we are now in a 
position to follow. According to the results of Boltzmann and 
of Lord Rayleigh which 1 have just mentioned, we know the rate 
of flow of energy just audible to the unaided ear. If, now, a fog- 
signal generator is just audible oIa a favorable day at IO miles (no 
very great distance for a. modern type of apparatus such as that 
at Father Point) ,  we are able to calculate the rate at which energy 
must be supplied at the diaphone, assuming that the inverse- 
square law holds. Making use of Boltzmann's data (referring to 
a note of the same pitch) we arrive at the surprising conclusion 
that the expenditure of energy at the resonator should be a little 
less than one-third of a horse-power. The diaphone we are con- 
sidering gives two blasts of 3 seconds each per minute. In order 
to provide sufficient air, a lo-H.P,  gasoline engine: operates con- 
tinuously, compressing air into the storage tanks to be all ex- 
pended in one-tenth of the interval required to make good the air 
lost. It follows that, in terms of the engine-power supplied, 
energy is expended at the rate of IOO H.P.  during a blast. We 
are told in the St. Catherine's report that when the high note: of the 
Scotch siren was being sounded, energy was being spent  at the 
rate of 616 H.P.  In order to explain this somewhat extraordi- 
nary result we have first of all to settle two questions. First, are 
fog-signal waves propagated through the free atmosphere on a 
cahn day without loss of energy, and is the inverse-square law 
true? Secondly, what are the losses of energy in the sound- 
generator itself, i.e., what proportion of the available horse-power 
is converted into sound ? 

I decided, if facilities could be obtained, to undertake a series 
of tests to obtain some light orl these two questions and forthwith 
took up.the matter with Dr. H. T. Barnes, who. not only placed the 
resources of the laboratory at nay disposal for the work, but kindly 
offered to bring the importance of this field of research to the at- 
tention of the Canadian Government. As a result, very excep- 
tional facilities for the work were provided by the Department of  
Marine and Fisheries. 

It now became necessary to devise a method of attacking the 
two  problems I have enunciated. Considering these in order, it 
was evident that the study of atmospheric and propagation losses 
would require some form of portable sound-measuring apparatus. 
Such an instrument I thought could be used with comparative ae- 
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curacy and ease owing to the remarkably smooth note of the 
Northey diaphone, to which I have already referred. I had not 
proceeded far in searching through all available papers on the 
subject of sound-measurement, when I came upon the work of 
Professor A. G. Webster of Clarke University to whom I ad- 
dressed a request for a copy of a paper published in the year 19o41~ 
as a contribution to a volume of scientific papers dedicated to the 
late Professor Boltzmann. I not only received the paper referred 
to but an invitation to visit the laboratory of Clarke University 
and make myself familiar with the most recent developments of 
sound-measuring apparatus. Of this invitation I readily availed 
myself in July, I913, with the result that Professor Webster not 
only offered to supervise the construction of a "phonometer  " 
specially designed as to pitch and sensitiveness to measure the 
sound from the diaphone, but placed at my disposal the manu- 
script of a memoir dealing with the entire theoretical and experi- 
mental development of his sound-measuring instruments. 

SECTION 4. ON THE M E A S U R E M E N T  OF SOUND BY M EANS OF THE W E B S T E R  

PHONOMETER.  

The Webster phonometer is, in fact, the practical realization 
of the ideal, supernatural aneroid barometer which I employed 
for the purposes of illustration a few moments ago to measure, in 
imagination, the minute pressure-fluctuations which occur in 
sound-waves of ordinary loudness. It consists, in brief, of a 
hollow cylindrical chamber (called a Helmholtz resonator from 
the first experimenter to study its acoustic properties), one end 
of which is pierced by a smooth hole communicating freely with 
the atmosphere. The other end also contains a circular opening 
over which is cemented a very uniform plate of the best mica 
obtainable (such as is employed in the construction of phono- 
graph sound-boxes). The resonator is made up of two accurately 
turned, telescoping cylinders so that its volume may be altered at 
pleasure. It is a familiar fact that a hollow vessel ernits when 
suitably excited a fundamental (i.e., of lowest pitch possible) 
note of a certain frequency depending to a slight extent on its 

~1 Webster, A. G., " On the Mechanical Efficiency of the Production of 
Sound," " Boltzmann Memorial Volume," pp. 866-875. (J. A. Barth, Leipzig, 
19o4.) A short description of the apparatus is given under the title " A Com- 
plete Apparatus for the Measurement of Sound," British Association Report, 
I9Io, p. 534. 
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shape, but chiefly on its volume. It will also resbund to and re- 
inforce a note of the same pitch, a phenomenon referred to as 
r e s o n a n c e .  By altering the vo.lume of the resonator of the 
Webster phonometer it is possible, within certain limits, to " tune " 
the instrument to any desired frequency. When this adjustment 
is correctly made, the pressure fluctuations in the interior of the 
resonator are much reinforced, by an amount which may be ex- 

]~"IG. 2. 

Webster phonometer  mounted on a theodolite tripod. Building to the left is the fog-signal 
s ta t ion showing the t rumpe t  of the diaphone. Fa ther  Point  l ighthouse in the  background.  

actly calculated. The mica diaphragm at the back of the resonator 
is thus caused to vibrate, and, if it is possible to measure the 
amplitude or range of motion of the diaphragm in inches or centi- 
metres, Professor Webster has shown how to  calculate in absolute 
measure the numerical characteristics of the sound-waves in the 
free atmosphere passing by his instrument. For sounds of ordi- 
nary intensity the amplitude of motion of the mica diaphragm is 
so small that it is necessary to make use of a special opticaI t>r 
interference method to measure it in terms of a wave-length of 
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light. This instrument, which may be called a " standard pho- 
nometer," corresponds to the standard electrical measuring in- 
struments which are carefully kept in specially fitted laboratories. 
For every-day purposes a secondary standard is employed. In 
order to magnify the motion of the mica disk sufficiently to meas- 
ure it easily, an ingenious mechanism has been devised by Pro- 
fessor Webster which satisfies conditions of portability and of 
use under practical conditions. The mica disk carries, firmly 
clamped at its centre, a sharp steel point. A narrow steel strip, 
suitably held taut at both extremities in a fork capable of adjust- 
ment in two directions at right angles by slow-motion screws, has 
its centre in contact with the steel pin in such a manner that a 
slight movement of the point causes it to twist through a small 
angle. In order to magnify the twist, the familiar galvanometer 
lamp and scale device is employed in miniature. Cemented to 
the steel strip is a minute concave mirror. The filament of a 
small flash-light tungsten lamp is mounted over a microscope eye- 
piece whose optical axis coincides with that of the phonometer. 
The straight narrow filament of the tungsten lamp is reflected 
and concentrated into a distinct image so as to appear sharply 
defined against a graduated scale in the microscope eye-piece. As 
soon as the mica disk is set into vibration by sound-waves passing 
near the resonator, the image of the filament is drawn out into a 
bright band with sharply defined edges. The width of the band 
is proportional to the amplitude of the sound-waves as measured 
by pressure-fluctuation or displacement. This secondary stand- 
ard may be calibrated in terms of the absolute standard by simul- 
taneous measurements by the two instruments of the note emitted 
by a standard " phone"  (i.e., a sound-generator especially de- 
signed to give a pure tone of known characteristics). 

The " phone"  or standard sound-generator, is merely the 
phonometer worked backwards: it is easily understood that if 
the diaphragm of the phonometer is made to oscillate through a 
known amplitude, it is possible to calculate the numerical charac- 
teristics of the spherical sound-waves emitted. By the use of the 
standard " phone " it is possible, by making use of an ordinary 
phonometer, to calculate the acoustic output of any sound-gen- 
erator of the same pitch, such as a violin, a cornet, or even the 
human voice. For  this purpose it is only necessary to have the 
two sources sounding alternately side bv side and adjust the 
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.amplitude of motion of the standard source until the same read- 
ing is obtained on the phonometer placed at a suitable distance. 
The amount of mechanical energy required to produce the notes 
.on the musical instruments mentioned is easily measured, so that 
their acoustic cNciency, or ratio of energy input to acoustic output 
may  be determined. Such determinations for ordinary musical 
instruments were first carried out by this method in I9o2 and 
described in Professor  Webster 's I9o 4 paper just referred to. 
The results are extremely interesting. To quote a few of the 
determinations only, the acoustic efficiency of the violin comes out 
to be o.ooo52 or about one part in two thousand. That of the 
.cornet is in the neighborhood of o.ool I or roughly twice as great, 
while the human voice comes out surprisingly well with an 
efficiency of o.oo95 or nearly one per cent. These results are 
summed up by Professor Webster in the graphical statement 
that it would require ten million cornets all sounded at once to 
.emit a horse-power. 

SECTION S. ON AERIAL SOUND WAVES OF LARGE AMPLITUDE. 

The methods just described for measuring the acoustic effi- 
ciency of sound-generators of small power depend for their 
validity on the mathematical theory of sound-waves in which the 
pressure-amplitude is an extremely small fraction of an atmos- 
phere, at most a few parts in one or ten thousand. It occurred to 
me when I was planning these tests that it was very probable that 
the pressure amplitude at the narrowest part of the trumpet of 
the diaphone could easily amount to a very considerable fraction 
of an atmosphere, say a hundredth or a tenth. Now, it was 
pointed out as long ago as 18o8 by the French mathematician, 
Poisson, 12 that in these circumstances the mathematical theory of  
the propagation of waves of large or finite amplitude was entirely 
different from that of ordinary sound-waves of very small ampli- 
tude. The physical significance of this result was first pointed out 
in 1848 by Sir George Stokes 13 who showed, without any mathe- 
matics at all, that in a plane wave of sound propagated in an ideal 

12 Poisson, " M~moire sur le th~orie du son," .rourn. de L'Ecole Poly- 
technique, t. vii, I8o8, p. 319. 

13 Stokes, " On a Difficulty in the Theory of Sound," Phil. Mag., Nov., 
~848; " Mathematical and Physical Papers ," vol. ii, p. 51. 
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elastic fluid (i.e., without viscosity or internal friction, and with- 
out thermal conductivity or the property of transferring heat 
from hot to cold parts of the medium),  the parts of the wave 
where the density is greater will gain continually on those where 
it is less. Thus, after a certain lapse of time, a discontinuity will 
occur in a manner somewhat analogous to the way in which a 
water-wave will break when the accelerations of the water-par- 
ticles become too great. It is possible to calculate for a plane 
wave transmitting a given amount of energy how far it will travel 
before this break will occur. In the case of waves of ordinary 
intensity and pitch, this distance is manv hundreds of times greater 
than the dimensions of laboratories where such an effect could be 
observed. It is otherwise, however, when we come to deal with 
very intense waves, or ordinary waves of very high pitch when 
the distance referred to may amount to'a few metres only. As to 
what happens when the theoretically calculated discontinuity sets 
in is still an unsolved problem, especially when dealing with 
diverging spherical waves. Of course, in reality, the viscosity and 
thermal conductivity of the air play an important part. This far 
more difficult problem has been dealt with by Lord Rayleigh 14 in 
a lengthy and complicated paper published in 191o. The theory 
is applied to explain the very curious and abnormal laws of air- 
resistance to projectiles moving with a velocity greater than that 
of sound. 

If  we turn from the attempts of theory to consult the verdict 
of experiment, which constitutes a court of high appeal to which 
we must ultimately have recourse, we find that it has long been 
known that very intense waves, such as those caused by the de- 
tonation of explosives, have a velocity distinctly greater than that 
of  ordinary sound. This subject has been studied in great detail 
by M. Vieille, 15 Engineer-in-Chief of the French Ordnance 
Bureau (Poudres et Saltp~tres). In his memoir published in 
19oo he showed that the velocity of the wave generated by the 
sudden rupture of a thin metal diaphragm under a pressure of 2 7 
atmospheres is nearly double that of ordinary sound, while that 

~* Rayleigh, " Aerial  Plane Waves  of  Finite Amplitude," Roy,. Soc. Proc., 
A, vol. 84, pp. 247-284, I 9 I O ;  " Scientific Papers," vol. v, pp. 573-619. 

=~ Vieille,  " Etude sur le r61e des discontinuit6s dans les ph6nomenes de 
propagation," M6morial des Poudres et Saltp6tres, t. x, pp. 177-26o (Gauthier- 
-Villars, Paris, 19oo). 
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of the waves generated by the detonation of modern high ex- 
plosives attains as high as three times the normal value. 

SECTION 6. ON THE THERMODYNAMIC MEASUREMENT OF ACOUSTIC 

EFFICIENCY. 

It is thus evident that we must be prepared to meet with very 
abnormal conditions in studying the signals emitted by a dia- 
phone, especially close to the oscillating piston, at which point I 
wished to measure the acoustic output. In this locality the sound- 
waves probably resemble intermittent explosive waves, rather than 
the normal waves whose characteristics are easily measured by 
means of the phonometer. It was thus necessary to devise a 
method of efficiency measurement entirely independent of any 
acoustic theory, and for the purpose a thermodynamical method, 
generally applicable to any type of compressed-air machinery, was 
developed. The principle of the method may be easily understood 
by reference to a fact familiar to aI!engineers. It is well: known 
that when a compressed-air drill is being operated at full load, the 
air which escapes through the exhaust pipe becomes so cold that 
hoar-frost gathers on its exterior, in spite of the warm surround- 
ing atmosphere. If, however, the air be allowed to escape through 
the valves into the exhaust pipe without operating the drill, there 
is no perceptible fall in temperature. It is thus evident that by 
measuring the temperature difference of the air at the intake and 
exhaust we should obtain a measure of the rate at which the drill 
is doing mechanical work, making use of a few simple thermo- 
dynamical formula. In the application of this idea to measuring 
the acoustic output of the diaphone, a number of serious experi- 
mental difficulties had to be o.vercome. It was estimated before- 
hand that the temperature-difference would certainly not amount 
to more than a few degrees, so that some form of electrical re- 
sistance thermometer would have to be employed. If  it had been 
possible to have the diaphone sounding a continuous blast, the 
test would have presented no serious difficulty. The capacity of 
the pumping engine was sufficient to furnish compressed air for 
a blast of six seconds per minute only, so that it was necessary to 
design a thermometer with so small a heat capacity that it would 
take up its final temperatures in that time. This was accom- 
plished by making use of a very fine silk-insulated iron wire 
( I / I o o o  inch in diameter) wound in the form of a coil in spe- 
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cially designed frames, one of which could be inserted in a large 
valve on the compression side of the diaphone, and the other in- 
serted in the trumpet about five inches from the vibrating piston. 
Each winding of the fine iron wire was supported at intervals by 
loops of silk cord so that no part of the winding was in contact 
with the solid frame-~vork. The heat capacity of the instrument 
was thus reduced to a minimum, that of the wire itself. By con- 
necting the thermometer to a Wheatstone bridge and bridge-wire 
in the usual way, it was found possible to measure temperature- 

FIG. 3. 

Apparatus for the thermal measurement of acoustic output of diaphone. The skeleton construc- 
tion of the iron-wire resistance-thermometers is clearly shown. 

differences to I/IOO of a degree C., making use of a portable 
Weston galvanometer to obtain a balance. A third difficulty which 
had to be provided for was the temperature rise in each thermom- 
eter, due to the frictional (or " k i n e t i c " )  heating of the air 
rushing past the wires. Owing to the differential connection of 
the two instruments, the two effects would tend to counteract one 
another, but to get rid of the difficulty entirely it was planned to 
take observations in the following way. First, a temperature dif- 
ference would be taken with the diaphone sounding a note at a 
given pressure. Then the diaphone piston would be blocked and 
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FiG. 4. 

Acoustic survey carried out from a ship's boat. The phonometer is shown mounted at the 
bow of the boat. The results obtained are shown graphically in Chart I. 

FIG. 5. 

C. G. S. "L ady  Eve lyn ."  From this ship were taken the phonometer observations for 
the long range acoustic survey, the results of which are shown graphically in Charts I I  
and I I I .  

so adjusted that at the same pressure the rate of  air-flow would be 
the same as when sounding.  In this case, however,  as no energy 
is converted into sound, and as the velocity of  air past the thor- 
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mometer wires is the same, the frictional heating would be as 
before. By taking the difference of the differential thermometer 
readings, we are enabled to eliminate the kinetic heating and thus 
arrive at the true temperature fall due to the conversion of com- 
pressed-air energy into sound. 

SECTION 7. ON THE FOG-SIGNAL EXPERIMENTS CARRIED OUT AT FATHER 
POINT, QUEBEC, SEPTEMBER, x913. 

I now pass on to the actual details of the experiments which I 
carried out on the Father Point fog-signal during the month of 
September, 1 9 1 3  . Through the courtesy of the Department of 
Marine and Fisheries, permission was given to operate the dia- 
phone at will for the purpose of the tests. Through the kind- 
ness of the Postmaster General, I was authorized to take up per- 
manent quarters on the mail tender, " Lady Evelyn," stationed at 
Rimouski, and to make use of this ship in carrying out acoustic 
surveys in the neighborhood of the Father Point signal, a few 
miles away. Mr. H. H. Hemming, 16 at the time one of our 
McGill students, assisted in the experiments and proved himself 
invaluable in taking observations. Our regular routine was to 
leave Rimouski wharf  every available morning on the acoustic 
survey. The ship was skilfully navigated over a series of courses 
under the guidance of her commanding officer, Captain J. B. 
Pouliot. Weather conditions (velocity and d,irection of wind, 
description of sea and sky) and sextam observations to obtain the 
position of the ship at stated times over various parts of her 
course were left in the hands of Mr. Hemming;  air-temperature 
was provided for by a self-registering thermometer;  through 
the kindness of Dr. Barnes I was able to install one of his self- 
recording marine thermometers for obtaining sea-temperatures. 
I personally undertook the phonometer readings which were 
taken at the rate of one a minute. I may say that the pho- 
nometer from the start proved to be a complete success and 
that the great progress made in carrying out, under practical 
conditions, measurements of sound intensity must be attributed 
to this achievement of Professor Webster. The fog-signal 
itself had only to be started by the Father Point light-keeper 
to continue running without further attention, the pressure 

16Now Lieut. H. H. Hemming  of the Thi rd  Field Survey Company, in 
active service in France. 
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remaining remarkably constant. As I have already pointed 
out, small fluctuations of pressure are wi,th very little effect on 
the pitch of the note emitted. This circmnstance, together with 
the smoothness and purity of the tone of the Northey diaphone, 
contributed very materially to the success of the acoustic survey. 
The results have been plotted oll a series of charts and diagrams, 
three of which are reproduced in Charts I, II, and III. 

FIG. 6. 

Taking phonometer  observations from the C. O. S. " L a d y  E v e l y n "  Oil a ra iny day.  

The acoustic surveys generally occupied the forenoon. About 
noon Mr. Hemming and I were put ashore at Father Point. 
Here we occupied ourselves in making preparations for the effi- 
ciency tests which were, after a few initial difficulties, duly 
carried out. The results obtained have enabled us for the first 
time to form some estimate of the amount of power delivered by a 
siren as sound. In the particular diaphone tested, operated under 
the best conditions, it was found that nearly two and a half 
horse-power (2.36 H.P. in one of the tests) may be so utilized. 17 

17 This estimate will, of course, have to be verified by further tests by dif- 
ferent methods before being accepted as final. 
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Observations were taken with the diaphone sounding at different 
pressures so that the corresponding variation of acoustic output 
could be studied. Pressures were accurately measured by means 
of a mercury gauge. By measuring the fall of the gauge during 
a six-second blast it was possible to calculate the total air-con- 
sumption, knowing the volume of the storage-tanks and the rate 
of compression of the engines. In rating the efficiency of the 
diaphone it is necessary to adopt a somewhat arbitrary standard 
of reference. Air compressed to a given pressure and consuming 
a given amount of air per second is capable of doing mechanical 
work at a rate depending on the type of compressed-air engine 
used. That  taken as our standard was, for purposes of discussion, 
one operating on an adiabatic cycle and capable of converting 
(in some way as yet undiscovered) all the energy of compressed 
air into sound. Efficiency rated in this manner I have called the 
over-all efficiency. Several series of observations gave fairly 
concordant results for the acoustic outputs at different operating 
pressures. In each of the tests, the over-all efficiency attained 
its maximum value at an operating pressure in the neighborhood 
of 20 lbs. per square inch above atmospheric. In one instance 
the maximum was nearly 6 per cent. ; in another, after some ad- 
justments to valves admitting air to the diaphone, the maximum 
rose to a little over 8 per cent. Full details of these tests will be 
found in a detailed account of the work which will be published 
shortly. 

SECTIOI~" 8. ON FUTURE PROBLEMS IN ACOUSTIC ENGINEERII~'G. 

I think that it will be generally conceded from the descrip- 
tion of the new methods of sound measurement which I have 
described, that the subject is in a fair way to being dignified by 
the title " acoustic engineering" It is also evident that a great 
deal remains to be done in this field. Regarding a sound-gen- 
erator as a mechanical means of converting some sort of motive 
energy into sound, it is apparent that an over-all efficiency of 6 
to 8 per cent. (or probably twice as high in the newer types of 
diaphones) leaves considerable room for improvement, although 
these numbers are many times greater than those derived for 
small-powered musical instruments. At this stage the questions 
which remain to be solved by future work may be stated as 
follows : 

VOL. I83, NO. 109.5--21. 
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( I )  Is there any limit (as in the case of ordinary heat- 
engines) to the proportion of power capable of being converted 
into sound-energy ? 

(2) How much o.f the sound-energy, once delivered as such 
at the narrowest part of the siren-trumpet, is wasted owing to 
losses in the trumpet itself and in the atmosphere outside ? 

To answer the first question it is necessary to undertake the 
mathematical theory of an ideal siren taking into. account the 
equations of propagation of sound-waves of finite amplitude. 
There is no difficulty in estimating, according to the classical 
theory, the characteristics of a plane sound-wave transmitting 
power at the same rate per unit area as in the diaphone sounding 
under best conditions. The results are as follows : 

Pitch . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  175 complete vibration~ 
per second. 

Rate of transmission of power across 14 sq. in. (area 
of diaphone trumpet 5 inches from piston) . . . . . .  2.36 H.P. 

Pressure amplitude . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  o.128 atmosphere. 
Displacement amplitude . . . . . . . . . . . . . . . . . . . . . . . . . .  1.o8 inches. 
Maximum velocity of particle in sound-wave . . . . . . .  99 feet per second. 
Average velocity of air (calculated from rate of air 

consumption) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  137 feet per second. 

By an approximate solution of the exact equations of propa- 
gation, it may be estimated that a plane wave transmitting this 
amount of power unit area could travel only some distance be- 

t w e e n  9.7 and 10. 7 feet before discontinuity sets in. In reality, 
this result will be modified by viscosity and thermal conduction,. 
but the inclusion of these factors in the theory introduces un- 
manageable complications. 

A little consideration enables us to understand how energy 
may be dissipated in a " finite wave," such as tha,t we have just 
considered. Compressions and rarefactions of I / I 0  atmosphere. 
give rise to adiabatic heating and cooling of about 12 ° C. above 
and below the normal temperature. It has already been pointect 
ottt that there is a tendency for the compression to overtake the 
rarefied part of the wave so that ultimately these pressure in- 
equalities will be much accentuated and will travel very close to- 
gether. This gives an opportunity for equalization of tempera- 
ture by thermal conduction with consequent dissipation of energy. 

These were questions which I had proposed to attack theo- 
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retically and experimentally in a continuation of these tests to be 
carried out in the autumn of 1914, when the declaration of war 
put an end to all work of this kind by the diversion of activities 
to more pressing duties. The preliminary work which I have 
described this evening may be of some utility, I hope, in enabling 

CHART I .  
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SHORT RANGE A c o u s T i c  SURVEY. 
The  char t  g ives  a g raph ica l  r epresen ta t ion  of t h e  resul ts  of an  acoust ic  s u r v e y  Imrried ou t  

f rom a sh ip ' s  boa t  in t h e  ne ighborhood  of t he  F a t h e r  Po in t  fog-s ignal  wi th  the  W e b s t e r  pho- 
nomete r .  T h e  posi t ion of t he  sh ip ' s  boa t  a t  each s ignal  ( identif ied by  means  of the  n u m b e r s  on 
the  char t )  was  ob ta ined  b y  m e a n s  of s ex t an t  observat ions .  The  phonome te r  r ead ings  a t  each 
posit.ion are  p lo t ted  a long ord ina tes  at  r igh t  angles  to  t h e  o u t w a r d  and  inward  courses and  are  
propor t iona l  to  t he  pressure  ampl i tudea  in the  wave .  W i n d  di rec t ions  and  veloci t ies  ( represented  
by  arrows)  are  those  reg is te red  at  t h e  meteorologica l  s t a t ion  (near  posi t ion xo on Line  VI ) .  I t  
was f o u n d  t h a t  t he  effect of wind  was b y  f a r  t he  p r e d o m i n a n t  influence on the  va r i ab i l i t y  of 
sound  p ropaga t ion .  

engineers to proceed with a greater degree of confidence in the 
design and-testing of fog-signal machinery. For instance, it is 
now possible to predict from a shop test what will be the perform- 
ance of a given type of sound-generator. Formerly such a test 
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could be determined only from an estimate from the ear, which is 
not able to discriminate differences of loudness when the intensi- 
ties attain values far surpassed in fog-signal waves. It has fre- 
quently happened in the past that a new design of fog-alarm, 
thought to be promising from a shop comparison with an estab- 
lished type, has turned out to be an utter failure when tested by 
actual penetration of sound in the open atmosphere and large 
sums of money have been wasted in this way. 

CHART III. 
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LONG RANGE ACOUSTic SURVEY. 
The ship was here navigated over circular courses with the fog-signal station as centre at 

distances of one-half and one mile. The phonometer readings are plotted along the inward 
and outward radii from the arc representing the ship's course. From observations such as 
these it is possible to estimate atmospheric propagation losses occurring between spherical 
aurfaees at  various distances from the fog-signal station. Wind velocities and directions repre- 
sented as in Chart II .  

By the use of the phonometer, fog-signal engineers may now 
study in greater detail the acoustic properties of proposed sites 
for the establishment of sirens by making use of an experimental 
diaphone installed on a lighthouse supply ship. 

From a national or international point of view, the importance 
of the development of acoustic engineering will be readily under- 
stood when I state that in recent years a country like Canada 
spends per annum about two million dollars on the Lighthouse 
and Coast service. Of  this amount as much as sixty thousand 
dollars has been expended annually on the installation of modern 
fog-signal apparatus, is That further developments in acoustic en- 

as  According to figures taken from the Auditor General's Report, Ottawa, 
I9O4-I912. 
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gineering may ultimately be the means of enabling governments to 
save annually in their fog-signal service large items of expendi- 
ture is of very mediocre interest as long as ships are wrecked and 
lives lost owing to accidents occurring in the fog. No effort 
should be spared to develop fog-signal machinery whose range and 
dependability in all kinds of wind and weather may be still further 
improved, and, in my opinion, there is in this domain room for a 
wide field of activity of the greatest human value and scientific 
interest. 

i f  the few remarks which I have been privileged to deliver this 
evening in the Institute which bears the name of the great Franklin 
himself should be instrumental in directing attention to this field 
of work, I feel that I owe the opportunity to the secretary, Dr. 
Owens, through whose activities, personal and editorial, I have 
been brought to realize that the Franklin Institute not only bears 
the name of the great American pioneer, but is also the embodi- 
ment of his living spirit. 

The Source of Borax. ANON. ( U. S. Geological Survey Press 
Bulletin, No. 3o7, February, IgI7.)--The volcanic deposits on the 
east side of the Calico Mountains, at the edge of the Mohave Desert 
of California, include clays containing colemanite, a crystalline borate 
of lime. 

Colemanite contains 5o. 9 per cent. of boric acid, 27.2 per cent. of 
lime, and 21. 9 per cent. of water. The deposits near the Calico 
Mountains are believed to have been formed by replacement of limy 
beds that were laid down locally during the evaporation of lake 
waters, at intervals between some of the great outbursts of volcanic 
ejecta which formed so large a part of the Tertiary deposits. The 
boric acid was undoubtedly derived from fresh volcanic materials 
and carried to its present position by underground waters. The de- 
posits are in two principal beds, each 5 feet thick and about 5 ° feet 
apart. These beds have been mined to a depth of 5o0 feet. All the 
borax produced in the United States is obtained from California 
mines, mainly from Lang, north of Los Angeles, and Death Valley. 
The value of borate ores produced in 1915 was nearly $1,7oo,ooo. 
The borax is made by heating the pulverized colemanite with a solu- 
tion of sodium carbonate, forming the soluble sodium borate, which 
crystallizes. 


